This study investigates carbon monoxide (CO) adsorption and desorption behaviors on 0.1-0.6-nm-thick Cr-deposited Cu(100) surfaces using infrared reflection absorption (IRRAS) and temperature-programmed desorption (TPD) spectroscopic methods. The low-energy electron diffraction (LEED) pattern for the 0.1-nm-thick Cr-deposited Cu(100) surface indicates that distorted bcc-Cr(110) grows on fcc-Cu(100). The CO exposure to a clean Cu(100) at 90 K produces a single and sharp IR absorption band at 2090 cm À1 that is attributable to adsorbed CO on the on-top site of the Cu atoms' on the surface. Two absorption bands are located at 2085 and 2105 cm À1 on the IRRAS spectrum for the COsaturated 0.1-nm-thick Cr/Cu(110) surface. The former might originate from linearly bonded CO on the uncovered Cu substrate surface. With increasing Cr thickness, the latter high-frequency band becomes prominent. For the 0.3-nm-thick Cr surface, the band at 2117 cm À1 dominates all spectra through CO exposure. The TPD spectra of the Cr-deposited Cu surfaces show two remarkable features at 220-250 and 320-390 K, which are ascribable respectively to Cu-CO and Cr-CO bonds. Lower desorption peaks shift to higher temperatures with increasing Cr thickness. Based on TPD and IRRAS results, adsorption-desorption behaviors of CO on the Cr-deposited Cu(100) surfaces are discussed herein.
Introduction
Well defined, ordered alloy surfaces formed through vacuum deposition of a metal on different metal single crystal substrates provide an effective template for studies of bimetallic alloys' properties. High-quality bimetallic alloy surfaces can be fabricated using molecular-beam-epitaxy (MBE) and ultra-high vacuum (UHV) techniques. These approaches for producing topmost surface structures are crucial for investigating physical, chemical, and electronic properties of bimetallic alloy surfaces. [1] [2] [3] [4] [5] [6] [7] [8] [9] For example, epitaxial growth of Cr on a clean Cu(100) surface provides an interesting template for thin film growth. [10] [11] [12] [13] For Fe ultrathin film growth on Cu(100), it is well known that fcc-Fe grows at room temperature (RT) with thickness of less than ca. 10 monolayers (ML). 5, 6, [14] [15] [16] [17] [18] [19] In contrast, although fcc-Cr (lattice parameter of 0.368 nm) closely resembles fcc-Cu (0.361 nm) and fcc-Fe (0.358 nm), a bcc-Cr thin film grows on Cu(100) even at the initial growth stage. 11) In addition, MBE-fabricated bimetallic alloy surfaces are extremely useful for elucidating alloys' catalysis because the topmost surface atoms of bimetallic systems are expected to have different properties for adsorption and desorption of molecules. Although several investigations of surface structures of single-crystal metal substrate surfaces with different elements deposited on them have been conducted, the relation between outermost structures for bimetallic surfaces and their chemical properties has yet to be elucidated. Infrared reflection spectroscopy (IRRAS) is a powerful tool to study adsorption of simple molecules onto well-defined metal surfaces: its high sensitivity to adsorption sites and metal/molecule interactions supports investigation of metal and alloy surfaces' chemical properties. [20] [21] [22] [23] [24] [25] [26] Indeed, the authors have previously reported IRRAS spectra for carbon monoxide (CO) adsorption on several bimetallic surfaces having periodic atomic structures. [27] [28] [29] [30] [31] The results indicate that CO is useful as a probe for exploration of surface lattice structures of bimetallic alloys. Therefore, IRRAS measurements of CO adsorption on well-defined bimetallic surfaces are expected to offer a deeper insight into surface molecular behavior, which depends strongly upon the bimetallic alloys' outermost surfaces.
From catalytic perspectives, numerous studies for Crbased alloy particles have been undertaken. For example, the Cr-Pd bimetallic alloy 32) promotes chemisorption of nitrogen monoxide (NO), which is correlated with NOx reduction reaction. In order to explore highly efficient and low-noblemetal-content catalysts for the NOx reduction reaction, chemical properties for various Cr-based alloy surfaces is quite of importance. Therefore, molecular behavior on welldefined Cr-Cu bimetallic surfaces is subject to research. To date, however, neither CO adsorption behavior nor desorption behavior for Cr-deposited Cu(100) bimetallic surfaces has been reported. Furthermore, substrate Cu atoms tend to segregate to the topmost bimetallic surface during annealing because the surface energy of Cu (1850 mJ/m 2 ) is lower than that for Cr (2400 mJ/m 2 ). 11) Therefore, chemical properties of the 0.1-0.6-nm-thick Cr-deposited Cu(100) (Cr x /Cu(100):
x ¼ Cr thickness in nanometer units) bimetallic surfaces fabricated by MBE technique were examined at various substrate temperatures for this study. Behaviors of CO adsorption and desorption from the Cr x /Cu(100) (x ¼ 0:1{ 0:6 nm) surfaces are discussed herein based on results of IRRAS and temperature-programmed desorption (TPD) analyses.
Experimental
Experimental equipment and methods used in this work have been described elsewhere. [17] [18] [19] [27] [28] [29] [30] [31] Using repeated Ar þ sputtering and annealing, Cu(100) (<1 miscut) crystal surfaces were cleaned under ultra-high vacuum (UHV) conditions. The cleanliness and crystallographic order were verified using Auger electron spectroscopy (AES), reflection high-energy electron diffraction (RHEED), and low-energy electron diffraction (LEED). Then, using electron-beam evaporation, Cr of 99.99% purity was deposited onto the Cu substrate at RT. The base pressure of the UHV chamber was 5:3 Â 10 À9 Pa; the pressure during deposition was ca. 1:3 Â 10 À8 Pa. The Cr mass thickness was monitored using a quartz microbalance; the deposition rate was fixed at about 1/600 nm/s (0.1 nm/min). Exposure of CO to the resultant surfaces was conducted at approximately 9:3 Â 10 À8 Pa. The IRRAS spectra were recorded with 2 cm À1 resolution as an average of 300 scans using an FT-IR spectrophotometer (RS-2; Mattson Instruments) equipped with a liquid-N 2cooled HgCdTe detector. Each spectrum is presented herein as a ratio with the spectrum recorded before CO exposure. The TPD spectra of CO on the surfaces were recorded using a quadrupole mass spectrometer (RGA100; SRS). Heating of the sample was performed using thermal radiation emitted from an infrared heating system (GVH198; Thermo Rico Co. Ltd.). For TPD measurements, the sample was oriented to face an aperture (3 mm diameter) in a stainless steel tube surrounding the ionization space of the mass spectrometer. All TPD spectra were recorded with a heating rate of 2.5 K/s and were background-subtracted.
Results and Discussion
As Fig. 1(a) shows, 1/3-ordered sub-spots (indicated by arrows) are in the LEED pattern for the Cr 0:1 nm /Cu(100). The pattern can be indexed by p(3 Â 1) and p(1 Â 3) with respect to the substrate Cu(100). Rouyer et al. used LEED to investigate the Cr-deposition process on a clean Cu(100) substrate at room temperature, [10] [11] [12] [13] in which similar LEED patterns were collected for ultrathin (<3 ML thick) Cr films. They deduced that the distorted Cr(110) domains grew on the Cu(100) substrate surface based on their LEED patterns. Therefore, the LEED pattern for the Cr 0:3 nm /Cu(100) fabricated at 300 K might originate from a real surface, as presented schematically in Fig. 1(b) . The surface mesh depicted by dotted lines in the LEED pattern corresponds to the solid-line-mesh in the surface model. It is worth mentioning that the inter-atomic distance for Crh1-1-1i rows is the same as for the substrate Cuh110i rows. The epitaxial relation (Cr(110) == Cu(001) and Crh1-1-1i == Cuh110i) might come from rather close lattice parameters for the fcc-Cu(100) (0.255 nm) and bcc-Cr(110) (0.249 nm). 11) At any rate, in the experimental conditions used for the present study, bcc-Cr grows epitaxially on the Cu(100), although a diffuse background of the LEED pattern suggests that the Cr 0:1 nm /Cu(100) surface is rather rough. Actually, as Fig. 1(c) shows, the RHEED patterns for those from 0.2-nmthick and 0.6-nm-thick Cr-deposited Cu(100) surfaces show discrete spot-like streaks. Figure 2 shows results of IRRAS measurements that were carried out for adsorbed CO on the Cu(100) substrate surfaces covered by different thicknesses of Cr of 0.1-0.6 nm. It has been reported [22] [23] [24] 33) that CO adsorption on clean Cu(100) at 90 K yields a linearly bonded C-O stretch band at 2079-2088 cm À1 . The band located at 2087 cm À1 for the spectrum of CO saturated Cu(100) surface can be assigned safely to linearly bonded CO on Cu(100). Figure 2 presents explicitly that rather sharp bands at around 2085 cm À1 are located on the spectra for the 0.1-nm-thick and 0.3-nm-thick Cr-deposited Cu(100) surfaces: the band decreases in intensity with increasing Cr thickness. Therefore, the 2085 cm À1 bands can be ascribed to adsorbed CO molecules on the on-top site of the uncovered Cu(100) surface, suggesting that even for the 0.2-nm-thick Cr-deposited surface, the substrate surface of Cu(100) is not fully covered by the deposited Cr atoms. The Cu atoms in the Cu-Cr domain are expected to be affected chemically and electronically by the Cr atoms positioned near the Cu atoms. Regarding the frequency, the slight red shift results from the CO adsorption on Cu atoms that were influenced electronically by the Cr atoms situated nearby.
Actually, CO adsorption on the 0.1-nm-thick Cr-deposited surface produces a shoulder band at the high-frequency side (ca. 2105 cm À1 ) of the CO-Cu band. For the Cr 0:2 nm /Cu(100) surface, the shoulder band increases in intensity and shifts to a higher frequency. The band at 2125 cm À1 dominates the spectrum of the Cr 0:6 nm /Cu(100) surface; the CO-Cu band almost disappears. The literature describes that intermixing of deposited Cu with the substrate Rh forms Cu clusters. 22, 23) The C-O stretch frequency of adsorbed CO on the clusters is positioned at 2138-2098 cm À1 . Furthermore, adsorbed CO on the Cu clusters that are formed through intermixing of the deposited Fe and substrate Cu gives rise to IR absorption at 2118-2103 cm À1 . 27) Moskovits and Hulse 34) reported IR absorption frequencies of CO on Cu clusters using a matrix isolation method. They demonstrated that the C-O stretch frequency shifts from 2128 to 2103 cm À1 with an increase of the number of Cu atoms from 2 to 4. Consequently, the 2125 cm À1 band can be assigned tentatively to CO adsorbed onto Cu-related sites. Figure 3 depicts IRRAS spectra of the CO adsorbed onto the Cr 0:2 nm /Cu(100) and Cr 0:6 nm /Cu(100) surfaces during elevation of the substrate temperatures. On the Cr 0:2 nm / Cu(100) (left), the bands at 2105 cm À1 and at 2087 cm À1 show a lower intensity for higher substrate temperatures. These absorption features decrease sharply in intensity at temperatures greater than 204 K, accompanied by the appearance of a broad absorption signal at the low-frequency side (2030 cm À1 ).
The IRRAS spectral changes for the Cr 0:6 nm /Cu(100) (right) show that the 2125 and 2085 cm À1 bands at 90 K decrease in intensity with substrate heating, accompanied by a red-shift. Noticeable changes of the bands occur at 221-253 K, at which temperatures an additional broad band emerges at 2000 cm À1 with disappearance of the highfrequency band at 2125 cm À1 . At 255 K, the 2070 cm À1 band becomes prominent.
The TPD spectra for CO-adsorbed Cr x /Cu(100) are presented in Fig. 4 along with that for CO-Cu(100) (top panel), which is shown for comparison. The spectrum for the CO-Cu(100) surface shows good agreement with results described in previous reports by Pope et al. 35, 36) and Barnes et al. 37, 38) Peaks around 185 K for the Cu(100) surface can thereby be ascribed to CO desorption from surface Cu atoms. With increasing Cr thickness, the desorption signal for CO-Cu shifts to higher temperature, accompanied by emergence of a signal at the high temperature side. For the Cr 0:6 nm /Cu(100), the CO-Cu desorption signal is almost absent; a broad desorption feature is positioned at about 235 K. The 235 K-signal increases in intensity with increasing Cr thickness. Therefore, the signal might be assigned to the CO desorption from Cr sites. The shift in CO-Cu desorption signal to higher temperature might result from changes in chemical properties of surface Cu atoms, according to their influence by neighboring Cr atoms.
For discussion of the IRRAS band assignments in greater detail, TPD spectra for the Cr 0:2 nm /Cu(100) and Cr 0:6 nm / Cu(100) surfaces and corresponding IRRAS band intensity changes with elevating substrate temperature are summarized in Fig. 5 . The change in the 2087 cm À1 band during elevation of the substrate temperature (open triangle) well corresponds to the TPD signal at 185 K, which is ascribable to CO-Cu. Therefore, the band is inferred to originate from CO adsorbed onto the Cu sites. In contrast, 2105-2127 cm À1 (solid squares) and 2075 cm À1 (open circles) bands remain on the IRRAS spectra at substrate temperatures higher than the CO-Cu TPD peak (185 K). The square and circle bands might originate from CO adsorbed onto Cr-related sites (Cr and/or Cu sites influenced by Cr atoms positioned nearby). It is noteworthy that the 2075 cm À1 band behavior corresponds well to the 235 K desorption signal: the 235 K desorption signal can be assigned to CO-Cr bonds.
To date, the IR investigation of CO adsorption on the Pd-Cr bimetallic catalyst has been reported, in which the terminal and bridging CO respectively yield bands at 2080 cm À1 and 1960 cm À1 . 32) Furthermore, as mentioned in the results summarized in Fig. 4 (TPD and IRRAS bands behaviors), the IRRAS bands at 2127-2105 and 2075 cm À1 for the Cr 0:2 nm /Cu(100) and Cr 0:6 nm /Cu(100) well correspond to the 235 K-desorption-signals originated from CO-Cr bonds. On the basis of results described above, the bands at 2127-2105 and 2075 cm À1 for the Cr 0:2 nm /Cu(100) and Cr 0:6 nm /Cu(100) (Fig. 3) were tentatively ascribed to linearly-bonded CO on outermost Cr atoms of Crx/Cu(100), although no attempts were made to analyze the detailed CO-Cr bonding geometry for either band in this study: the IRRAS bands are designated hereinafter as CO-Cr.
The RHEED patterns for the Cr 0:2 nm /Cu(100) and Cr 0:6 nm /Cu(100) fabricated at 483 K (Fig. 1(c) ) show more discrete spot-like streaks than do corresponding patterns for surfaces fabricated at 300 K. These results suggest that the substrate temperatures during Cr-deposition affect surface morphologies of the Cr x /Cu(100) surfaces. Figure 6 portrays IRRAS spectral changes for the CO-saturated Cr 0:2 nm / Cu(100) and Cr 0:6 nm /Cu(100) surfaces fabricated at 300, 373, and 473 K. Although the spectra for the 373-Kfabricated surfaces are almost identical to those for the 300-K-fabricated surfaces, the 473-K-fabricated surfaces reveal considerable changes in intensity and frequency. In particular, for Cr 0:6 nm /Cu(100), a prominent absorption at 2105 cm À1 dominated the spectrum for the 473-K-fabricated surface, although the band is absent for the 300-K-fabricated and 373-K-fabricated ones. Spectral changes occurring concomitantly with increasing deposition temperatures probably reflect thermal activation of inter-diffusion of the deposited Cr with the substrate Cu atoms. Because the surface energy of Cu (1850 mJ/m 2 ) is lower than that for Cr (2400 mJ/m 2 ), 11) the substrate Cu atoms might be positioned at the outermost surface of the 473-K-fabricated Cr 0:6 nm / Cu(100). Indeed, TPD spectra for the 300-K and 473-K fabricated Cr 0:6 nm /Cu(100) surfaces (right hand side of Fig. 6) show, although the CO desorption peak only from the Cr site is located on the spectrum for the 300-K-fabricated surface, desorption from the Cu-related sites emerges at around 180 K. Furthermore, the main desorption feature shifts from 235 to 212 K. The marked changes in IRRAS and TPD that occur with increasing substrate temperatures during deposition might reflect that surface alloying of the deposited Cr with substrate Cu activates at substrate temperatures greater than 473 K. The eutectic temperature for bulk Cu-Cr alloy is 1350 K. Therefore, the inter-diffusion of the Cr with Cu atoms during deposition might proceed through ''surface defects'' such as dislocations, vacancies, and steps.
Summary
For this study, chemical properties of Cr x /Cu(100) (x ¼ 0:1{0:16 nm thickness) bimetallic surfaces fabricated by MBE at various substrate temperatures were investigated using LEED, RHEED, IRRAS, and TPD. The LEED pattern for the Cr 0:1 nm /Cu(100) surface revealed that distorted bcc-Cr(110) grew on fcc-Cu(100). The IRRAS and TPD spectra for CO adsorbed Cr x /Cu(100) surfaces show that, at a substrate temperature of 300 K, the substrate Cu(100) surface is almost covered by 0.6-nm-thick Cr-deposition, whereas the substrate Cu atoms segregate to the outermost surface at 473 K, engendering formation of a mixed Cu-Cr topmost surface. 
